Abstract-Network losses are often a key metric in evaluating the performance of planning and/or operational strategies. However, their assessment is traditionally carried out assuming a constant power load model that does not reflect the actual voltage-demand dependency, thus leading to inaccurate results. This work quantifies, in a real UK medium voltage (MV) network, the impact of three classic load models (constant power, current and impedance) on the quantification of energy and power network losses. A time-varying ZIP model designed for the UK residential demand is used as benchmark. Results indicate that the constant power load model, although underestimates the network losses throughout the year, outperforms the other models during summer (maximum error of 3% on power and 1.5% in energy). However, during winter the constant current model showed the best performance. The constant impedance model led to the highest errors and, consequently, should be in general avoided.
INTRODUCTION
Network losses are one of the key variables in evaluating the benefits of planning and/or operational strategies. For instance, in [1] a multi-period optimal power flow is adapted to quantify the optimal sizes of Distributed Generator units (DGs) that minimize power and network losses. In [2] a control logic of plug-in electric vehicle is proposed in order to minimize the impact on the network losses. The impact of different type of DGs on network losses is the main objective in [3] .
In addition, Distribution Network Operators (DNOs) around the world are keen in accurately quantifying (and then reducing) power and energy losses in their networks. Indeed, in several countries, such as the UK, the electricity regulator sets loss targets that in turn become financial rewards or penalties for DNOs. Moreover, a proper evaluation of network losses (also known as technical losses) allows detecting fraud activities undertaken by consumers (non-technical losses) that, especially for developing countries, may have a significant impact on the national economy [4] .
Traditionally, technical losses are quantified assuming that the drawn demand is independent from the supplied voltage. However, since the '70s, field measurements have highlighted a different relationship between voltage and demand (i.e., load models) [5, 6] . Consequently, given the key role that network losses play in a variety of planning and operational strategies, it is important to assess the impact that an inaccurate load model might have on their quantification.
Nevertheless this impact was investigated in [7] only a single load levels a simplifed MV network was considered. In addition, no impact in terms of energy was investigated. In [8] the impact of different load models on size and location of DG was assessed. However, the adoption of a syntehtic network and the use of a load model that neglects the time-varying changes in load composition (i.e., static) [6, 9] limits the confidence on the final outcomes.
This work evaluates the impact that the three classic load models, i.e., constant power, constant current and constant impedance, have on the quantification of energy and power losses on a real UK MV network. A 10-min time-series analysis during winter and summer days is undertaken. A time-varying ZIP model [9] , specifically designed for the UK residential sector, is adopted as benchmark to evaluate the performance of the three classic load models.
The rest of the paper is structured as follows. Section II describes the MV UK network and load models adopted for the study. In section III the procedure to generate load profile and models per secondary substation is illustrated. The results of the impact assessment are shown and discussed in section IV. Finally, conclusions are drawn in section V.
II. NETWORK AND LOAD MODELS
This section presents the main features of the MV network, residential load models and profiles adopted in this work.
A. UK MV Network
A real UK MV distribution network (11 kV) from the North West of England is used as test case. It has been fully modelled from GIS-based data into OpenDSS [10] considering real electric parameters for lines and transformer, Table I and Table II , making more close to reality the final network losses quantification.
The system, shown in Fig.1 , is supplied by two 14 MVA 33/11kV transformers located at the primary substation. A total of 89 LV transformers (11/0.433 kV) are fed by a cumulative line length of around 46 km. More than 95% of the 11,997 customers are residential, hence the industrial and commercial components are neglected.
The yearly demand in the analyzed MV network varies between 3.5 MW during summer night to 15 MW at winter/autumn peak (at around 18:00) as shown in Fig. 2 .
B. UK Residential Load Profiles
To reproduce a realistic time-varying behavior of the residential demand a UK-based tool (CREST tool [11] ) is adopted. This tool is able to stochastic reproduce the daily power demand of a single dwelling with 1-min resolution (averaged with 10-min in this work). Seasonality, number of occupants, geographical location, type of day (i.e., weekend or weekday) and data on energy and power consumption for the most common appliances are considered within the tool. To illustrate a few dwelling profiles, examples are provided in Fig. 3 . 
C. Load Models
A load model is defined as the mathematical relationship between supplied voltage and drawn demand for a specific load. This could be either a single appliance or the aggregated demand at a given point in the network. The models adopted in this paper are described as follows.
1) Classic Load Models
It is accepted that every load is characterized by its own voltage-demand relationship. In particular, the following classification is widely adopted in the literature:
Constant power: these loads are defined insensitive to voltage variation. This is the most adopted assumption in power flow studies [12] . However, only Switch Mode Power Supply appliances in reality belong to this category. Constant current: A linear relationship between voltage and demand is considered. Constant impedance: A quadratic relationship between power and voltage is defined. Resistive loads without thermal control (e.g., space or water heaters) belong to this category [12] .
2) UK-based Time-Varying Load Model
A recent growing of interest in load modelling has highlighted the inaccuracies brought by the previously (1)
described approaches [12] . A more sophisticated model called "exponential" is shown in (1) where P 0 is the power at the reference voltage level. This is usually the nominal voltage V 0 , i.e., 230V phase to neutral for the residential customer in the UK. P indicates the power drawn at the generic voltage V.
The key element in (1) is the np coefficient. Whereas np can adopt any fractional value increasing the flexibility of the model, for the constant power, current and impedance load model the np can only be 0, 1 or 2 respectively.
However, an even more accurate model called polynomial (or ZIP), shown in (2) is used in the literature and preferred to the exponential [13] when possible. It is of interest to remark that the three classic load models can be described by both the np (1) and ZIP (2) coefficients as shown in Table III. The fourth load model, adopted in this work as a benchmark, is a time-varying (i.e., changes through time) ZIP model designed for the UK residential sector [9] . To develop such model firstly a literature review has been carried out in order to define a ZIP model for each single appliance that could be found in a common UK dwelling [14] . Thereafter, by adopting the CREST tool, the load profiles for each dwelling have been stochastically generated. Finally, the daily ZIP model for each dwelling is calculated by aggregating each single appliance load model and profile [9] . This approach, belonging to the category of componentbased load model, captures the variability in the load composition and consequently the natural variation of the load response to voltage changes [6] .
III. LV TRANSFORMER DEMAND MODELLING
This section describes the procedure to model the aggregated demand per secondary substation in terms of demand profile and aggregated load model. Indeed, as the downstream LV networks have not been explicitly modeled, the LV transformers represent the end point of the analyzed MV network.
The previously defined load profiles and models are adopted in a power flow analysis in order to quantify the impact that different load models may have on the quantification of network losses.
1) Demand Profiling
In order to provide an overview on the impact that different load models may have on the quantification of network losses through the year two different days (winter and summer) are considered. The corresponding monitored demands at the primary substation are shown in Fig. 2 .
To produce the aggregated demand profile per secondary substation in those days the CREST tool is adopted by generating a pool of 1,000 domestic load profiles for the North West of England. National statistics data on the number of occupants per dwelling are also considered [15] .
Thereafter, for every secondary substation, knowing the number of customers (N), N randomly selected load profiles are extracted from the pool and aggregated in order to obtain the total demand in the chosen day.
Finally, the demand profile of every secondary substation is scaled to match the total monitored demand, Fig. 2 in order to make the final figure in terms of the quantification of energy and power losses as realistic as possible.
The demand so obtained for four secondary substations (P 0 1 to P 0 4 ) is shown in Fig. 4 . The secondary substations 3 and 4 present a higher number of customers that makes theirs aggregated demand profiles higher and "smoother" compared to those in secondary substations 1 and 2.
2) Load Modelling
The demand profiles (P 0 i-th ) previously generated for every secondary substation are adopted as the common reference power P 0 for all the load models (in (1) and (2)). Consequently, if the supplied voltage (V) is equal to the nominal (V 0 ) the drawn demand (P) will be equal to P 0 and will be the same for all the different load models (as clearly shown in (2)).
This assumption allows comparing the outcomes of the load models as the impact on the network losses is only due to their different parameters (Z-I-P or np) shown in Table III . It is worth noticing that those parameters are time constant and equal among secondary substations modelled with the classic load models. On the other hand, the time-varying ZIP model describes a more realistic voltage demand relationship considering its time-varying nature and also catering for the possible diversity (due to the randomness on the dwelling profile selection) from one secondary substation to another as discussed in [9] . An example of the obtained time-varying ZIP parameters for one secondary substation is shown in Fig. 5 .
IV. RESULTS AND DISCUSSION
This section reports and discusses the impacts that the three classic load models have on the network losses quantification. For this purpose, a power flow analysis using OpenDSS [10] is carried out for the considered summer and winter days. Fig. 6 shows the absolute power network losses (APNL). In particular, the higher demand levels in winter (around 40% more at peak hours compared to summer, Fig. 2) justifies the higher losses level in this season.
On the other hand, Fig. 7 shows the relative power network losses normalized to the MV network demand (Relative Power Network Losses 1 index -RPNL 1 in (3)). In this case lower losses can be noticed during winter. Indeed, the copper losses due to cables and transformers increase whilst the iron losses in transformers slightly decrease due to the lower voltage level across the MV network. Consequently, the increase in demand during winter is not followed by the same increase in the aggregated power losses. Demand APNL RPNL (3) This explains why the relative network losses are higher in summer than in winter, Fig. 7 . This is particularly true during night when the share of iron losses in the aggregated is higher.
In Fig. 8 The results highlight that the constant power load model (Constant P in Fig. 8 ) underestimates the power network losses in both seasons compared to the other classic models. This is due to the relatively high LV busbar voltage (above 240V i.e., 1.04 pu) typically found in UK distribution networks [16] as shown in Fig. 9 for an example. The nominal LV transformer ratio (11/0.433 kV) that provides a boost of 8.12% compared to the nominal voltage V 0 justifies this outcome. Consequently, this leads to higher demand (as V>V 0 implies a P>P 0 in (1)) and thus to higher network losses. The analysis of a real MV network allowed capturing this feature.
The constant impedance load models overestimates up to 5%, in both seasons, the power network losses providing the worst performance among the three classic load models. The quadratic relationship with the voltage justifies this outcome.
The constant current load model (Constant I in Fig. 8) showed the best performance in winter with a maximum error in the power losses quantification of 2.5% in morning hours. On the other hand, it was slightly outperformed by the constant power load model during summer due to the lower responsiveness of the demand as previously explained.
It is worth highlighting that the reduced penetration of resistance-based appliances in summer made the overall demand less responsive to voltage variations (i.e., a lower np). This phenomenon is captured by the time-varying load model as highlighted in Fig. 10 where a reduction of the np parameter can be noticed throughout the day. This explains the seasonal variation in the losses quantification accuracy of the classic load models. (5) Similar trends found for the power losses can be noticed in term of energy. In particular, in winter the traditional constant power load model (Constant P) underestimates the energy losses of around 2.96% compared to the time-varying ZIP whilst in summer outperforms the other models with only a 1.53% error. An error of 5% is noticed with the constant impedance (Constant Z) load model in both summer and winter season. Although the constant current (Constant I) load model during winter introduced an error in the power losses estimation up to 2.5% ( Fig. 8-a , black dashed line at night) in term of energy only an error as small as 0.06% was found when compared to the ZIP, Table IV. This can be also deduced from Fig. 8-a where, except for few hours at night, the power losses estimated with this model are almost coincident with the ZIP ones. However, during summer 3.77% error in energy losses was found, Table IV. Consequently, to quantify both power and energy losses during winter the constant current load model (if no timevarying load models are available) should be adopted. On the other hand, the constant power load model should be preferred for the quantification during summer. Indeed, no single classic load model shows the best performance for both seasons. This in turn highlights the limitations of simple load models where the time-varying nature of the demand composition is neglected.
Moreover, it was found that the load model do not have a significant impact on the voltage profiles as shown in Fig. 9 for an example. Therefore, those operational and/or planning strategy studies where management of voltages is investigated can use any load model as its influence on the final results will be negligible.
V. CONCLUSIONS
The impact that load models have on the quantification of power and energy network losses on a real UK 11kV network was explored in this work. In particular, the three classic load models, i.e., constant current, constant power and constant impedance were compared with a time-varying ZIP load model specifically developed for the UK residential demand. For this purpose, a 10-min resolution power flow analysis was carried out for both a summer and winter day considering realistic domestic profiles and available monitoring data.
It was found that the constant power load model underestimates the network power losses, in both seasons, when compared to the remaining classic load models. This is mainly due to the relatively high LV busbar voltage (above 240V i.e., 1.04 pu) typically found in UK networks. Similar figures have been obtained in terms of energy losses where the constant power load model leads to an underestimation ranging from 1.5 to around 3%. Nonetheless, this model showed the best performance, compared to the remaining classic load models, during summer. Consequently, if no timevarying load models are available, the evaluation of network losses during summer, either power or energy, should consider the constant power load model.
On the other hand, during winter the constant current load model should be preferred as in this period it outperforms the other classic load models. Indeed, the higher responsiveness in voltage variation that characterizes the winter demand is better captured by this particular load model.
The constant impedance load model showed the worst performance and consequently should in general be avoided in any analysis in which the quantification of network losses is key.
The fact that no single classic model shows a good performance for both seasons highlights the limitations of simple time-constant load models.
In addition, no significant effects on voltage profiles were found with the different load models. Therefore, studies focusing on the management of voltages can adopt any load model without significantly impacting on the final outcomes.
VI. AKNOWELDGEMENTS

